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Resum
El projecte final de carrera descrit a continuació tracta sobre l’elaboració del Techni-
cal Design Report (TDR) o document tècnic de disseny del detector de neutrons BE-
LEN concebut i desenvolupat a la UPC. És necessari aquest document per tal d’aconseguir
l’aprovació del detector i esdevenir, aquest, part de la instrumentació de l’experiment
DESPEC de la futura instal·lació FAIR. L’objectiu d’aquest detector és identificar i re-
gistrar els neutrons retardats emesos després de la desintegració β (o β-delayed neutron)
d’un nucli exòtic. Conèixer la probabilitat d’emissió d’aquests neutrons (o Pn) és cabdal
en àmbits tant diversos com la tecnologia de reactors nuclears, l’estructura nuclear dels
elements més exòtics de la taula periòdica o els processos de nucleosíntesi que ocorren en
les explosions de supernoves. El detector de neutrons BELEN consta de 48 comptadors
proporcionals de gas 3He disposats estratègicament en tres anells concèntrics dins una
matriu de polietilè (de dimensions 90 x 90 x 80 cm3) per obtenir la màxima eficiència
garantint al mateix temps una baixa dependència en l’energia inicial dels neutrons (en
un rang de 0,1 keV a 2 MeV). Prèvies simulacions basades en mètodes de Monte Carlo
(amb el codi MCNPX) donaven una eficiència mitja del 45% i un factor de planaritat de
1,07. En aquest projecte s’utilitza el codi de simulació Monte Carlo Geant4 per validar
i estudiar diversos paràmetres del detector, com per exemple la longitud i pressió òptimes
dels comptadors. D’entre la documentació tècnica requerida per al TDR en destaquen
la solució adoptada en el sistema de presa de dades (basada en el concepte triggerless),
una estructura mòbil dissenyada per centrar de forma precisa el detector al feix d’ions, la
descripció dels possibles procesos de calibratge o l’explicació dels requeriments necessaris
del futur emplaçament del detector.
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1 Foreword
β-delayed neutron emission probabilities of exotic nuclei (Pn values) are key parameters
for understanding the formation of heavy elements in universe. They provide a unique
information about the nuclear structure of most neutron rich nuclei. This information is
relevant in astrophysics and also in reactor technology applications.
From the astrophysics point of view the β-delayed neutron emission is one of the
most important parameters to define the rapid neutron capture nucleosynthesis process
(r-process) models. This process is one of the processes related with supernova explosions
and stellar nucleosynthesis.
Pn values are also significant in the nuclear technology field. In a typical PWR reactor
the number of delayed neutrons per fission neutron is quite small (typically below 1%
considering the fission induced by thermal neutrons) and thus β-delayed neutron emission
does not contribute significantly to power generation. Despite that evidence, it is indeed
essential from the point of view of reactor operation and safety since the delayed neutrons
emitted by the fission products (at times ranging from a fraction of a second up to minutes)
slow the dynamic time response of a nuclear reactor. A more precise knowledge of the
process will be necessary in the design of future power reactors with new fuel compositions
and also the disposal of the already generated spent fuel.
Therefore, there exists the demand of high efficiency neutron detectors to gather a
large amount of Pn data from neutron rich nuclei. In that sense, the underconstruction
Facility for Antiproton and Ion Research (FAIR) will provide ion beams with unprece-
dented intensity and quality that can be used to study nuclei mentioned above. Amongst
the variety of experiments at FAIR, the HISPEC/DESPEC experiment will perform high
resolution and high efficiency spectroscopy using different detectors.
In the framework of the HISPEC/DESPEC experiment, a collaboration between the
Universitat Politècnica de Catalunya (UPC), the Instituto de Física Corpuscular (IFIC),
the Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas (CIEMAT)
and the GSI Centre for Heavy Ion Research (GSI) has been created to design a neutron
detector. This detector (named BEta deLayEd Neutron or simply BELEN) has to achieve
two primary goals, a high detector efficiency while keeping it as constant as possible due
to the loss of the initial neutron energy information during the moderation of the neutrons
(reduction of the neutron energy necessary to be detected).
In order to commission and construct the detector, a technical design report (TDR)
has to be written and aproved by the HISPEC/DESPEC collaboration. The main purpose
of the following final degree project is the elaboration of the TDR of the BELEN detector.
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2 Introduction
The primary goal of this final degree project is the development of all the technical
documentation required for the TDR of the BELEN detector. This documentation ranges
from physics simulations to construction details or environmental issues.
To become a permanent detector at FAIR, the BELEN detector needs the aproval of
its TDR by a group of experts. This report must be elaborated according to the FAIR
regulations. Since these regulations differ from the standard ETSEIB regulations for the
elaboration of a final degree project, the TDR sections have been redistributed in order
to be adapted to ETSEIB standards. This equivalence is detailed in ANNEX A.
The TDR can be divided in three main parts. The physics of BELEN detector, des-
cribed in sections 3 to 7; the technical aspects, described in sections 8 and 9; the mana-
gement issues, described in sections 10 to 12. Finally, two annexes about the TDR real
structure and the overall detector costs are included in the report.
Within the first part, a scientific background is presented going further with the
explanation of the β-delayed neutron emission and the DESPEC experiment while the
physics requirements section introduce the basic features of the BELEN detector. Monte
Carlo simulations have been done using Geant4 code to analyze the interaction of neu-
trons with the materials involved in the detector and the neutron detection in a simple
setup. Eventually, the process to obtain the optimum detector design is explained and
Geant4 simulations of this design are compared with other results obtained previously
by the research group using the code MCNPX.
The second part introduces the previous prototypes already constructed and tested in
research facilities like GSI or JYFL. All the technical details are also explained in this
section, such as the electronic system, the construction and production of the detector,
the site requirements or the installation procedure. Since the primary aim of the TDR is
only the aproval of the BELEN detector for FAIR, some technical subjects are not further
detailed and are still opened to be discussed by the DESPEC collaboration. Therefore,
accurate technical drawings or some production aspects do not appear in this report.
Finally, the later sections describe the environmental issues, the time schedule and the
project costs.
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3 Scientific background
The DESPEC (DEcay SPECtroscopy) experiment at FAIR will perform high resolution
and high efficiency spectroscopy with radioactive ion beams. The focus of the experiments
will be to address key questions in nuclear structure, reactions and astrophysics of nuclei
very far from the valley of stability. The radioactive beams will be delivered by the
energy buncher of the Low Energy Branch (LEB) of the Super-FRS (Fragment Separator).
These radioactive beams will be formed of secondary reaction products following Coulomb
excitation, direct reactions, fragmentation or fission reactions of relativistic radioactive
ion beams.
DESPEC is conceived as a modular experiment where different setups can be coupled
together in order to study different aspects of decay spectroscopy. The ions of interest will
be implanted on an array of double sided silicon stripped detector (DSSSD) called AIDA
(Advanced Implantation Detector Array) where their decay will be measured. A variety
of other detectors will be placed around this DSSSD array accordingly to the experimental
needs, such as a compact Ge array, neutron detectors or fast timing BaF2 detectors.
The device detailed in this report is the BEta deLayEd Neutron detector (BELEN)
that will measure the probability of neutron emission after β decay (Pn).
β-delayed neutron emission takes place when a precursor nucleus β-decays and the
resulting daughter-nucleus emits a neutron (figure 3.1). This neutron emission is ener-
getically allowed if the excitation energy of the state populated in the β-decay, Qβ, is
larger than the neutron separation energy of the daughter-nucleus, Bn.
Figure 3.1: Decay scheme of a β-delayed neutron emission.
The study of β-delayed neutron emission probabilities, Pn, is of interest for different
fields, such as nuclear structure, nuclear astrophysics and nuclear technology applica-
tions. In the astrophysical r-process, the delayed neutron emission modulates the element
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abundance curve in the decay of neutron-rich nuclei back to stability during stellar nu-
cleosynthesis and constitutes a source of late neutrons during freeze-out [1, 2]. Improved
experimental data from delayed neutron emission represents an important input to r-
process model calculations since properties of nuclei on the expected r-process path can
be predicted by extrapolation on the basis of systematics of experimental T1/2 and Pn
values.
Furthermore, in nuclear structure, β-delayed neutron emission constitutes an impor-
tant probe for the structure of neutron-rich nuclei far away from the valley of stability
where other measurements are not yet possible [3, 4, 5]. The probability of neutron emis-
sion after β-decay, Pn, carries information on the β-strength above the neutron separation
energy, Bn. The technological interest of this type of study is related to nuclear power
generation. In nuclear fission β-delayed neutron emission plays an essential role in safely
controlling the sustainability of the fission reaction. Research into such nuclei is, therefore,
fundamental for the design of safer and more efficient nuclear reactors.
Despite the high interest on accurate Pn data and the large amount of experimental
data available nowadays, its quality is not sufficient for the various scientific and technical
applications and it is necessary to perform new high precision measurements. The new
FAIR facility will contribute to this quest for accurate data by granting access to very
exotic nuclei that could not be explored in the past.
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4 Physics requirements for the system
The BEta deLayEd Neutron (BELEN ) detector has been designed for FAIR as part of the
DESPEC experiment setup. The purpose of this detector is the measurement of neutron
emission probabilities after a β decay. The BELEN neutron detector will be used jointly
with a Double Sided Silicon Strip Detector (DSSSD) named AIDA that will be placed
inside the beam hole to detect β particles. The ions of interest coming from the beam
will be implanted on the DSSSD where they will β-decay and the subsequent neutrons
will be detected by BELEN .
The neutron detector consists of a block of polyethylene with a beam hole in the centre
and three concentric rings of cylindrical 3He proportional gas counters. The placement
of the neutron counters has been carefully chosen via Monte Carlo simulations with the
aim of achieving the maximum neutron detection efficiency while keeping this efficiency
as constant as possible along the expected energy range of the neutrons (from 0.1 keV to
2 MeV). The need for a constant efficiency comes from the fact that it is not possible to
retrieve the initial energy of the neutron with this type of detector. The information this
detector will provide will be the number of neutrons detected. A very important feature
of the 3He gas is the fact that it has no lower detection threshold in neutron energy.
Furthermore it is negligible sensitive to gammas, which takes away the concern about
neutron-gamma discrimination.
The neutrons will be detected through the following reaction in the 3He gas:
3He + n → 1H + 3H + 765 keV
The energy released in this reaction will be deposited in the gas and collected by
the electronic chain. In cases where the reaction takes place close to the walls of the
detector, one of the particles could deposit part or all its energy in the wall and therefore
the collected energy will be reduced due to the edge effect. This wall effect spreads the
expected energy of the neutron detection reaction from 191 keV to 765 keV as it can be
seen in figure 4.1.
The polyethylene matrix plays a major role in the neutron detector; it moderates
the neutron energy due to the collisions with the hydrogen atoms in the polyethylene.
The reduction of the neutron energy is necessary since the cross section for the detection
reaction increases as the energy of the neutron decreases as shown in figure 4.2.
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Figure 4.1: Deposited energy in 3He (keV).
Figure 4.2: Cross section for reaction 3He(n,p)3H [6].
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5 Monte Carlo simulations of neutron interaction
5.1 Description of simulation codes
The interaction of radiation with matter is commonly modelled using Monte Carlo meth-
ods. A Monte Carlo method is an algorithm that uses random or pseudo-random numbers
to solve a deterministic problem or equation. In this case the issue is the simulation of
the passage of neutrons through matter.
There are two different codes based on Monte Carlo methods to simulate this interac-
tion, MCNPX and Geant4 . The first code was developed in Los Alamos National
Laboratory to research in nuclear medicine, nuclear safeguards, accelerator applica-
tions, homeland security or nuclear criticality. It makes use of the latest nuclear cross
section libraries.
The Geant4 code was developed by Cern to be used in high energy, nuclear and
accelerator physics, as well as studies in medical and space science. It is the first platform
to use object oriented programming (in C++) and its source code is freely available on
the website under the Geant4 Software License.
Since the MCNPX code has been previously used by the BELEN collaboration to
simulate the detector, the following studies will use Geant4 to obtain a comparison
between both codes and therefore more accurate results.
To analyze all the data files produced by the different simulations is necessary to use
an appropiate data processing tool able to discriminate the data event by event. Hence,
the framework ROOT, developed at Cern as well, will be employed to treat the large
scale data obtained through Geant4 .
5.2 Neutron cross section evaluation
Before using Geant4 to simulate the BELEN detector, previous aspects must be tested.
One of these aspects is the evaluation of the 3He cross section. As a reminder, the detection
in the system will be generated when a neutron hits an atom of 3He and a proton and a
tritium are emitted.
A simple setup has been designed to verify the correct behaviour of the Geant4 code.
In this first simulation, a single neutron is emitted from the center of a 3He sphere. Since
the only interesting aspect is the first interaction of the neutron, the radius of the sphere
is limited to 1 mm. Neutrons have different incident energies to simulate the whole energy
spectrum existing in the final setup. The results of this simulation are depicted in the
figure 5.1.
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Figure 5.1: First neutron interaction in a 1 mm radius 3He sphere.
This picture should be contrasted with the latest nuclear cross section libraries, such
as the ENDL[6]. If the different cross sections are plotted (figure 5.2), one can observe
the relation between the curves obtained using Geant4 and the experimental curves.
Despite the evident similarity between both pictures (figures 5.1 and 5.2), another
simulation has been carried out (figure 5.3) to assure the concordance in the high energy
part of the spectrum. This simulation uses the same setup as the previous but changing
the radius of the sphere from 1 mm to 20 cm. The reason of this size difference is because
to obtain a higher resolution a larger radius is required since the total cross section is
lower.
As a conclusion, it has been validated that the developed Geant4 application and
the data libraries used are consistent with the reference data concerning the 3He physics.
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Figure 5.2: Evaluated incident neutron cross section in 3He [6].
Figure 5.3: First neutron interaction in a 20 cm radius 3He sphere in the upper part of the
energy spectrum.
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5.3 Neutron moderation evaluation
5.3.1 Neutron interactions in polyethylene
To understand how theGeant4 code simulates the moderation of neutrons in the polyethy-
lene matrix three studies must be done. First of all, it is necessary to know which are the
possible interactions a neutron can undergo in this material.
The simulation consists of an enormous sphere of polyethylene with an isotropic neu-
tron point source inserted in the center. The radius of the sphere has been set to 3 m
avoiding any possible loss outward the sphere. As Geant4 allows the formation of vir-
tual processes for some particles, a new process has been defined to simulate a neutron
reaching moderation, i.e. with a kinetic energy below 0.025 eV. The results can be seen
in figure 5.4.
(a) Non log (b) Log
Figure 5.4: Neutron interaction distribution for each initial energy in a 3 m radius polyethylene
sphere.
The above mentioned virtual process is represented as the Thermal neutrons in the
figure 5.4. The Hydrogen and Carbon captures refer to the neutrons disappeared due to
radiative captures in those elements. Finally, and appearing above an energy threshold
of 5 MeV, the processes C(n,α)Be represent the neutrons captured in the carbon because
of these nuclear reactions.
Two consequeces can be extracted from this picture (5.4a) about the use of polyethy-
lene as the moderator material. Firstly, regardless the initial energy of the neutrons, a
fraction of about 5% is always lost because of the 1H radiative capture. Then, another
important absorption processes are the C(n,α)Be reactions. These nuclear reactions can
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contaminate the detection process and the experimental results besides of reducing the
proportion of high energy neutrons being thermalized.
All these absorption processes can be avoided using, in one case, heavy water instead
of light water, and, in the second case, reducing the energy spectrum below 5 MeV.
5.3.2 Moderation length
The moderation length corresponds to the length a neutron needs to be in thermal equi-
librium with its environment, i.e. to reach moderation. This condition is established to an
energy below 0.025 eV. Knowing this moderation length will be valuable to decide where
the detector tubes must be located since the detection in 3He is higher for lower neutron
energies.
The data has been extracted from the same simulation as the previous section, but in
this case observing only the events registered as Thermal neutrons in the figure 5.4, i.e.,
the neutrons that indeed reach moderation. Actually, the important point is to know at
which distance from the center of the sphere a neutron has suffered that process. It is
assumed that the neutrons follow a straight path after being generated.
This information is represented in the figures 5.5 and 5.6. While the first picture
shows the "thermal neutron flux" along the length (the previous expression is quoted
since the figure does not plot the flux, only the number of neutrons reaching moderation
for each length), the second picture depicts the length where for each initial energy group
of neutrons there is the higher concentration of thermal neutrons. Thus, the second figure
(5.6) can be directly used to know where a detector tube has to be located to maximize
its efficiency for a given initial neutron energy.
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Figure 5.5: Thermal neutrons over a batch of 500.000 neutrons.
Figure 5.6: Maximum concentration of thermal neutrons.
Elaboration of the TDR for the BELEN Detector 25
5.3.3 Moderation time
To conclude the analysis of the neutron moderation it is important to find out which
is the time interval a neutron need to be thermalized. Knowing the moderation time is
important for the data correlation between BELEN and AIDA measurements. The AIDA
detector will identify the beta particles emmitted by the implanted isotopes and these
have to be correlated with the delayed neutron emitted. For that reason, the moderation
time will be useful to associate each beta emission with its delayed neutron.
The study consists of determining the mean moderation time for neutrons inside the
polyethylene matrix. From the same data obtained in some sections before two plots
can be drawn. Firstly (figure 5.7a) an histogram representing the number of neutrons
moderated in each time interval, and alongside (figure 5.7b) the integral histogram.
(a) Thermal neutrons over a 500.000 batch. (b) Integral spectrum of thermal neutrons.
Figure 5.7: Moderation time for different initial energies.
One significant information can be extracted from each figure. The figure 5.7a shows
that the highest proportion of neutrons takes a time of around 2 µs to be moderated for
all neutron energies (10−4 MeV to 10 MeV). Furthermore, from figure 5.7b it is possible
to affirm that the 95% of neutrons are moderated after 17 µs. As it has been explained
before, this information will be used to correlate the beta detection with the neutron
detection.
As a conclusion, the study of the interactions of neutrons in polyethylene is also con-
sequent with the reference data and previous results obtained using MCNPX.
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6 Monte Carlo simulations of neutron detection
6.1 Neutron response of individual counters
Once being tested the proper operation of the developedGeant4 tool for the basic physics
processes involved in the neutron detection, neutron absorption in 3He and moderation
in polyethylene, the next step is to test a single 3He counter embedded in a polyethy-
lene matrix. The setup of this simulation is shown in figure 6.1. As a summary, the tube,
including a narrow air hole and the steel wall (figure 6.1b), is embedded in a 1x1x1 m
polyethylene block (figure 6.1a). This block has a cilindrical air hole in the center where
the neutron point source is located.
(a) General view (b) Detailed view
Figure 6.1: Sketch of the simulation. Rg = 12.19 mm; Rw = 12.7 mm; Rh = 12.78 mm
The dimensions of the counter are all fixed except its effective gas length. This length
(represented in the figure 6.1a as L) in conjunction with the moderation distance (D) and
the gas pressure are the key factors to find the configuration that optimizes the neutron
detection.
6.1.1 3He gas pressure
Since the cost of the 3He gas is linear with the quantity, and a higher pressure directly
means a higher density, it is significantly important to estimate the optimal gas pressure
to avoid an overrun cost. For that reason a simulation with the previous setup (figure
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6.1) has been carried out changing the gas pressure from 2 bar to 20 bar for 9 different
initial neutrons energies (from 10−4 to 10 MeV).
It is important to specify that the moderation length (variable D in the figure 6.1a)
is defined by the 1 MeV energy neutrons (from figure 5.6) at 65 mm. At the same time,
the effective length of the counter (variable L) is set at 600 mm.
The results obtained (represented in figure 6.2a), named Efficiency, are the proportion
of detected neutrons in the 3He among the emitted neutrons for each initial energy.
(a) Efficiency for different initial energies. (b) Energy average efficiency for different data seeds.
Figure 6.2: Variable pressure results.
From figure 6.2a it is possibly to assume that the efficiency behaves in the same way for
all the different initial energies. Thus, the energy average efficiency has been calculated
to find the optimal pressure.
Observing the figure 6.2b, which represents the energy average efficiency for five differ-
ent data seeds, a pressure between 8 and 10 bar will be considered as the optimal pressure
for the 3He gas inside the detector counters due to above this point the increment of effi-
ciency is rather unsignificant compared with the increment in the 3He cost.
6.1.2 Length of counters
Once the optimal pressure has been found, it is important to assure which are the tube
length and the moderation distance (L and D in the figure 6.1a) that maximize the
detector efficiency. To determine this pair of variables different simulations have been
realized ranging the tube length from 300 to 900 mm and the distance from 90 to 180 mm
for the whole spectrum of energies. The gas pressure has been set at 8 atm. The output
variable, called Efficiency, is defined like in the previous section (the detected neutrons
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over the emitted neutrons averaging for all the energies). The results are plotted in figure
6.3.
Figure 6.3: Variable length and distance absolute results.
It is easy to extract from figure 6.3 that the closer the tube is located, higher is the
efficiency. At the same time, increasing the length of the tube, the efficiency enhances
too. However, the scale of the plot does not permit to see whether the increase of length
improves the netron detection likewise for the different moderation distances.
Thereby, two new output magnitudes have been created to be able to find differences
within the coupling of L and D parameters. One magnitud, the Relative efficiency, is
calculated dividing each value by the first length value for each distance. Hence, it will
be possible to see the relative differences as the tube length increases (figure 6.4a). The
second magnitud represents the Change of efficiency, calculated from the derivative curve
of the Relative efficiency for the four distances, which is plotted in the figure 6.4b.
To conclude, it can be seen that the location of the tube have a great influence on
the detection efficiency regardless the tube length (figure 6.3). Besides, the tube length
is relatively important to avoid a higher cost, thus one can see in the figure 6.4a how
the relative efficiency does not increase in the same proportion while increasing the tube
length.
Finally, taking into account the different increments of length (figure 6.4b), it is easy
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(a) Relative efficiency for different counter distances. (b) Derivative efficiency results.
Figure 6.4: Variable length and distance relative results.
to see that an increment of length from 400 to 500 mm contributes with an efficiency
gain higher than a 6%, while the next increments lead to an efficiency gain below the 3%.
So that, an effective tube length between 500 mm and 600 mm will be considered as the
optimum.
6.2 Distribution of counters
The distribution of counters in the polyethylene matrix will play a major role to achieve
the aim of the BELEN detector, a high detection efficiency but constant along the wide
energy spectrum. Furthermore, a 4pi (or spherical) solid angle coverage is requested to
avoid neutron losses at the maximum.
Using the simulations done in section 6.1.2 is possible to represent the efficiency of a
single counter according to the initial neutron energy. The final effective tube length has
been set to 600 mm and the gas pressure to 8 atm. Then, a plot of the 5 curves (4 tube
distances and the average) has been obtained (figure 6.5).
In this plot (figure 6.5) it can be seen how the efficiency increses for the furthest located
counter, i.e. higher moderation distance, in the upper part of the energy spectrum while
the greater efficiency is met for the closest counter in the medium and lowest part of the
spectrum. Looking at this plot it came up the idea of placing the counters at different
moderation distances to achieve the flat efficiency profile required. Therefore, to obtain a
flat profile and a 4pi coverage it will be necessary to locate the counters in different rings
concentrically to the beam axis. The counters of the first rings will detect the low energy
neutrons while the further counters will detect the high energy neutrons.
Elaboration of the TDR for the BELEN Detector 31
Figure 6.5: Energy-dependent detection efficiency for one counter located at 4 different distances.
According to that effect, different parameters have to be taken into account to adjust
the total detection efficiency. For geometrical reasons, placing several counters in the
closest rings will improve the efficiency. Nevertheless, this fact will seriously decrease the
efficiency for the high energy neutrons, cause the crowded first rings will create a loss
of neutron moderation due to the lack of polyethylene. Another interesting effect to be
considered can be, for example, the interaction between nearby counters. It is for all
these reasons that a complex software tool must be developed in order to systematize the
procedure to find the best detector configuration according to certain constraints. This
procedure will be explained in coming sections.
6.3 Background shielding
One of the drawbacks of this type of detectors is the loss of the information on the energy
of the neutron and on its spatial origin due to the moderation in the polyethylene. This
makes it impossible to single out neutrons coming from the background and requires
the detector to be as shielded as possible against background neutrons. This neutron
background can have two origins: cosmic radiation and the one caused by the accelerator
itself. A further layer of polyethylene will have to be added to shield the detector from
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the background. The thickness of the layer will be specified later on, once the final
configuration has been determined.
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7 Neutron detector design
7.1 Introduction
The objective of this section is to describe the main features of the final detector configu-
ration and the procedure followed to find the optimum solution. A detailed summary of
the counters used by BELEN will be given along with the characterization of the polyehy-
lene. Then, as it has been explained in section 6.2, a complete software tool will be build
up to find the best configurations for different given parameters such as the number of
available counters or the energy range. The optimum configuration obtained previously
with MCNPX will be compared with Geant4 results to find the discrepancies between
both codes. Finally, to avoid the signal contamination is necessary to do a shielding
analysis.
7.2 Detector components description
The BELEN detector is basically composed by 3He counters placed inside a big polyethy-
lene matrix in a certain configuration. The 3He gas counters chosen for the final design
are formed by a cylindrical container made of stainless steel with the dimensions presented



























GSI 3He 10 675.9 / 600.0 25.4 / 24.38 7600 2200 Stainless
Steel
Table 7.1: Characteristics of the different types of 3He counters.
On the other hand, the matrix is made of high density polyethylene (HD-PE). The
properties of this material are detailed in table 7.2.
Name Chemical compound Density [g/cm3]
HD-PE CH2 0.95
Table 7.2: Polyethylene properties.
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Figure 7.1: Scheme of the LND inc 3He counters.
7.3 Description of modeling method to analyze simulations
To achieve the two primary objectives of the BELEN detector (high efficiency and flat
profile) is important to, first of all, characterize these goals. While the high efficiency
criterion can be defined as an averaged efficiency over the energy spectrum higher than
a certain value, a profile will be considered flat looking at the maximum and the mini-
mum efficiencies and imposing a maximum difference betwen those values. To accomplish
those criteria we will search the best configuration varying different input parameters and
checking which combination of parameters reaches closely the criteria. A simple drawing
of this procedure is represented in figure 7.2.
The first input parameters are imposed by the experiment and the facility. As men-
tioned in previous sections, the BELEN detector operates in conjuction with an implan-
tation detector used to detect beta particles. Depending on the characteristics of the ion
production facility different specific implantation detection systems will be used. Accord-
ing to the dimensions of that detector, the constraint of the diameter of the beam hole is
introduced as a fixed input parameter for the simulations.
Another fixed input parameter is the spectrum of energies of the neutrons. The energy
range will be determined according to the nuclei of interest for each experiment, depending
on the region of nuclei of the measurement.
The variable input parameters conform a configuration. One configuration contains
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Figure 7.2: Drawing of the procedure to find the optimum configuration.
the information related with the counters distribution inside the matrix: the number of
rings, the number and type of counters per rings, the radius of the rings, the rotation angle
and the displacement. For each initial conditions or fixed input parameters, a different
set of configurations is simulated to find the neutron detection efficiencies (Rough results
in figure 7.2). The configuration whose results accomplish closely the criteria will be
considered as the optimum configuration.
7.4 MC simulation results for detector configurations
This section is a comparison between the neutron detection efficiency results obtained
using Geant4 and the results obtained previously with MCNPX of the optimum confi-
guration by the collaboration. The optimum configuration has been found following the
procedure described in section 7.3 with the MCNPX code. This configuration was con-
ceived to be used in conjunction with the detector AIDA, whose transversal dimensions
are 10 x 10 cm2. In addition, the range of energies was limited to 2 MeV, starting in
100 eV. The configuration parameters are detailed below in the table 7.3 and the figure
7.3.
Units in mm Central hole
Rings
Inner Central Outer
Diameter 160 220 340 420
Holes diameter – 27.5 27.5 27.5
Number of 3He counters at 10 atm – 10 0 0
Number of 3He counters at 8 atm – 0 12 26
Table 7.3: Configuration details of BELEN-48 detector.
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Figure 7.3: Drawing of the optimum BELEN-48 configuration.
The neutron detection efficiency obtained using MCNPX simulations is represented
in figure 7.4a. It is possible to see how the total efficiency keeps up almost flat along
the energy spectrum. A detailed view of the total efficiency is depicted in figure 7.4b.
To conclude, one can say that the criteria are acomplished since the average efficiency is
around a 45% and the planarity, defined as the maximum value divided by the minimum,
only a 107%.
Once the optimum configuration has been obtained using MCNPX, the same confi-
guration has been simulated using Geant4 . The goal of this repeated simulation is to
find some discrepancies between both simulation codes. The results can be seen in figures
7.5a and 7.5b. The mean efficiency is about 54% and the planarity 106%. However, to
obtain a rigorous comparison betwen both codes a plot has been drawn with both curves
(figure 7.6).
As a conclusion is possible to see that in general the neutron detection efficiency is
significantly higher in Geant4 for all the range of energies (about 10 percentage points of
discrepancy). Geant4 collaboration has identified the problem to transport low energy
neutrons and a new version of Geant4 will be released soon solving this problem. This
new version will be used by the BELEN collaboration to obtain more accurated results.
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(a) Ring efficiencies. (b) Total efficiency detail.
Figure 7.4: Neutron detection efficiency of the BELEN-48 detector using MCNPX.
(a) Ring efficiencies. (b) Total efficiency detail.
Figure 7.5: Neutron detection efficiency of the BELEN-48 detector using Geant4.
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Figure 7.6: Comparison betwen MCNPX and Geant4.
7.5 Background analysis
As it has been introduced in section 6.3, a shielding analysis must be done to avoid the
detection of background neutrons. The goal of this analysis is to, given the optimum
configuration, determine the maximum neutron background flux inside the laboratory to
assure that the detection of background neutrons is lower than an imposed factor F . The
background factor F and the neutron background flux ϕB are defined as:




= In,s · ηn
ϕB · Sdet · ηB (7.1)
where:
– Nd and NB are the count rates for a point sample source and a background source
in cps.
– In,s is the intensity of the neutron source in n/s.
– ϕB is the background neutron flux in n · s−1cm−2.
– ηn and ηB are the detection efficiencies for a point sample source and a background
source in %.
– Sdet is the external surface of the detector in cm2.
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Therefore, we impose a factor F equal to 100. In short, the amount of background
neutrons detected must be lower than the 1% of the sample neutrons detected. Hence,
it is necessary to know both efficiencies and In,s to be able to set the maximum value of
ϕB. Despite the differences observed between both simulation codes in the section before
(7.4), the two efficiencies will be found using Geant4 simulations since the goal is the
relation among the detection efficiencies.
Geant4 simulation consists of a study of the neutron detection in the BELEN configuration
considered as the optimum but modelling a background field of neutrons insted of the point
source (equivalent to the future samples). The neutron background field is characterized
as a spherical surface source with the detector placed inside. The neutrons are emitted
inwards radially from the external surface. Figure 7.7 contains a simple draw of the sim-
ulation setup. Unlike the previous simulations (section 7.4), the current energy range will
be extended up to 5 MeV.
Figure 7.7: Simulation draw of the background analysis.
It is important to note that a sphere emitting neutrons radially from its surface does
not correspond exactly to a background field. However, this case can be considered as the
worse case, and indeed if the criterion is defined for the worse case, it will be accepted for
all the other less-critical cases. The results of those simulations are detailed in table 7.4
and plotted in figures 7.8 and 7.9, combinig these results with the results obtained using
a sample point source.
It is evident how the background detection increases with the energy of the neutrons,
specially in the most external counters (figure 7.8). Nevertheless, for low energy neutrons,
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Parameter
Energy [MeV]
10−4 10−3 10−2 0.1 0.5 1.0 2.0 3.0 4.0 5.0
ηn [%] 54.72 54.55 54.23 54.46 54.66 54.08 51.40 48.06 46.66 42.17
ηB [%] 0.1983 0.1981 0.2077 0.2424 0.3955 0.7042 1.542 2.693 2.962 4.848
ηn
ηB
275.9 275.4 261.1 224.7 138.2 76.80 33.34 17.85 15.71 8.698
Table 7.4: Relation of efficiencies between a point sample source and a background source.
Figure 7.8: Background detection in Geant4.
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Figure 7.9: Comparison betwen sample source and background.
the first ring has a greater proportion of detection due to its greater solid angle for the
neutrons emitted from the front and the rear of the detector and the lower polyethy-
lene length in those sides.
To evaluate properly the information obtained in the simulations the neutron energy
range is divided in three groups: low energy (from 10−4 MeV to 10−1 MeV), medium
energy (from 10−1 MeV to 1 MeV) and high energy (from 1 MeV to 5 MeV). Therefore,
depending on the neutron background spectrum in the laboratory, one or another equation
(7.2, 7.3 or 7.4) will be used to determine the maximum background permitted to achieve
a minimum value of F equal to 100. These results are extracted from the equation 7.1
and the table 7.4. Moreover, the Sdet, that represents the external surface of the detector,
has a value of 48600 cm2.
ϕB(max)(low energy group) =
In,s · ηn
ηB · Sdet · F = 4.623 · 10
−5 · In,s (7.2)
ϕB(max)(medium energy group) =
In,s · ηn
ηB · Sdet · F = 1.580 · 10
−5 · In,s (7.3)
ϕB(max)(high energy group) =
In,s · ηn
ηB · Sdet · F = 1.790 · 10
−6 · In,s (7.4)
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8 Previous tests and prototypes
8.1 Preliminary tests with a 252Cf source
Two tests were performed at the UPC laboratory in order to validate the MCNPX sim-
ulations and the proper operation of the counters. The first test checked the response of
the counters separately while the second test verified the use of a full detector prototype.
8.1.1 First preliminary test
A preliminary test of the 3He counters and electronics has been performed to check all the
system for the design of the BELEN detector. The test was performed in the UPC-SEN
laboratory (Barcelona) and reproduced with MCNPX in order to compare the results.
The design of this experiment was conceived regarding the following goals:
• To check the functionality of the counters.
• To determine the influence of the signal cable length between the counter and pre-
amplifier.
• To check the influence of the electronics warming.
• To identify the spectrum of the neutron detection in these counters.
During the test 22 counters (see characteristics in table 8.1) were tested separately in
the setup from figure 8.1. The neutron source used during the experiment was a vial with
a 1 ml solution of 252Cf. The initial source activity (at December 2007) was 9.9 kBq with
a 3% spontaneous fission and 3.5 neutrons per fission. Further details of the setup and
the electronics used for the tests and the results obtained can be found in the PhD Thesis





















3He 686.84 604.8 25.4 24.38 15200 Stainless
Steel
Table 8.1: Summary of the main characteristics of the proportional counters used at the tests.
The primary aim of the measurements was to check the response of all counters and
electronics. These measurements were made during 20000 seconds for each counter. The
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Figure 8.1: Experimental setup for simple test [7].
cable length between the counter and preamplifier was 5 cm. Counters were connected
one by one to the same channel of the preamplifier. The typical response function is
presented on figure 8.2.
The next measurements checked the influence of cable length between the counter and
pre-amplifier. The cable lengths tested were 5 cm, 50 cm, 75 cm and 100 cm. The test
was made with the same counter. The response function can be seen on figure 8.3.
It can be extracted that there are no significant differences between the use of different
cable lengths. Therefore, the cable length chosen is 75 cm due to geometrical constraints
of the detector.
In order to check the influence of warming up of the electronics two tests were done:
one measurement just taking the data after switching on the electronics ("cold stard") and
another measurement 5 hours after switching it on ("hot start"). The difference in the
number of counts obtained between hot and cold start was about 1% [7]. Hence, as the
difference gives about 1% of uncertainty, to make the measurement quicker, it is possible
to start collecting data after connecting the electronics and it is not necessary to wait for
the warming up of the electronics after each connection.
Finally, MCNPX simulations were done to obtain the efficiency of the setup and com-
pare this data with experimental one. The only simplification was related to the neutron
energy spectrum since the neutron energy was set to 2.2 MeV. Simulation results are
Elaboration of the TDR for the BELEN Detector 45
Figure 8.2: Response function for a single counter [7].
presented in table 8.2. It can be seen that there is a good agreement between simulations
and experimental data for 3He counters.
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Figure 8.3: Response function for different cable lengths between the preamplifier and the
counter [7].
Data type Efficiency (%)
Experimental data 2.26 ± 0.09
MCNPX data 2.41 ± 0.07
Table 8.2: Experimental and simulated (MCNPX) detection efficiency of the counters [7].
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8.1.2 Full detector prototype test
In order to validate the simulation data and check electronics a full test should be done.
This test was performed at the UPC laboratory in July 2009 using the same 252Cf neutron
source as in the previous test. The aim of this test was to check the efficiency of a full
detector prototype using experimental and simulation data.
The prototype tested was BELEN-20, which is composed by 20 proportional counters
(see characteristics in table 8.1). These proportional counters were assembled inside the
polyethylene matrix with dimensions 50x50x80 cm3 in two rings. The first ring contained
8 counters and the second ring contained 12 counters. This polyethylene matrix had
a central hole to set the neutron source. This structure was chosen according to the
previous MCNPX simulation in order to have the efficiency curve as flat as possible for a
wide range of initial neutron energy. A NaI(Tl) detector was inserted inside the central
hole as close as possible to the neutron source in order to validate the proper operation
of the electronics and data acquisition system. The full setup can be observed in figure
8.4. The prototype was mounted, but the polyethylene shielding was not placed around
the detector due to its large weight and because of the limitation on floor resistance of
the building.
Figure 8.4: BELEN-20 prototype at the test in SEN [7].
The typical neutron energy spectrum can be observed in figure 8.5. There is the first
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Figure 8.5: Neutron energy spectrum for 4 different counters [7]
wall effect which corresponds to the energy of 191 keV and the second wall effect which
corresponds to 574 keV. The second wall effect is closed by the spectrum curve. The main
peak corresponds to full energy deposition and it is at 765 keV.
The efficiency measured in this experiment has a value of (29±4)%. This value is
represented as a red spot in figure 8.6 in conjunction with the efficiency of the neutron
detection obtained by MC simulations for neutron energies up to 6 MeV. Despite the fact
that the uncertainty of the experimental efficiency is rather large (the contribution to
the uncertainty comes from the count rate and from the uncertainty of the activity of
the source), it is possible to affirm that the efficiency measured in this experiment is in
accordance with the MC simulations.
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Figure 8.6: Efficiency of the neutron detection vs MC simulation [7].
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8.2 Previous prototypes
Three different prototypes of the BELEN detector have been designed, constructed and
tested until now. The first two prototypes used 20 counters (BELEN-20), while the last
prototype, named BELEN-30, was composed by 30 counters. The BELEN-20 detectors
were tested at JYFL in 2009 and 2010. The BELEN-30 was tested at GSI in 2011.
8.2.1 BELEN-20 at IGISOL Trap in JYFL (2009)
In November 2009 the BELEN-20 prototype was validated at JYFL using the pure beam
delivered by the Penning trap JYFLTRAP. The BELEN-20 prototype consists of 20 coun-
ters disposed in two rings around the beam hole. The details of this configuration are
explained in the table 8.3 while a layout of the prototype is shown in figure 8.7. The
counters are embedded in a 50 cm x 50 cm x 80 cm polyethylene matrix but with an
added 20 cm thick shield, which increases the matrix dimensions to 90 cm x 90 cm x
80 cm [8].
Units in mm Central hole
Rings
Inner Outer
Diameter 100 220 400
Holes diameter – 27.5 27.5
Number of 3He counters at 20 atm – 8 12
Table 8.3: Configuration details of the BELEN-20 prototype.
The efficiency of the BELEN-20 prototype according to Monte Carlo simulations with
MCNPX is shown in figure 8.8. It is quite constant around 30% in the range from 1 keV
to 1 MeV.
At JYFL, radioactive species were produced by deuteron (Ed = 30 MeV) induced fission
on a uranium target. The IGISOL isotope separator was used for isobaric separation of
the beam which was then introduced in the Penning trap acting as a very high resolution
mass separator, allowing in fact isotopic separation. The isotopically pure beams extracted
from the trap were directed inside a vacuum tube to the centre of the detector, where they
were implanted on a movable tape. Two collimators were used to define the implantation
position. A Si detector (0.9 mm thick, 25.2 mm diameter) for the detection of beta-
particles was placed closely behind the implantation position (distance 3 mm) also in
vacuum. The instrumentation was complemented with an 80% efficiency HPGe detector
for the detection of gamma-rays, situated inside the central hole of the counter at a
distance of 9 cm from the tape.
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Figure 8.7: Design for BELEN-20 prototype.
Figure 8.8: MCNPX efficiency for BELEN-20 prototype [8].
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Measurements were performed for neutron rich isotopes with well known Pn values
and together with measurements with a 252Cf source were used to obtain the counter
detection efficiency and tune the Monte Carlo simulations.
Figure 8.9 shows the detection setup used in JYFL in the JYFLTRAP line including
a Ge detector that was used to detect the gamma rays in coincidence with the beta decay
and the neutron emission.
Figure 8.9: BELEN-20 and Ge detector in the JYFLTRAP beam line.
8.2.2 BELEN-20 updated at IGISOL Trap in JYFL (2010)
An update to the BELEN-20 prototype was done in June 2010. The new BELEN-20 was
used also in JYFL in the JYFLTRAP line and in the same conditions as the previous
detector. However, in this case the nuclei of interest set the maximum neutron energy
around 1 and 2 MeV. This fact facilitated to obtain a greater detection efficiency aproach-
ing the counters to the beam hole since less moderation length was required for the high
energy neutrons. The new configuration is detailed in table 8.4. The tubes are embedded
in a high density polyethylene matrix, with overall dimensions 90 cm x 90 cm x 80 cm,
which acs both as neutron moderator and neutron background shielding [9].
Monte Carlo simulations were performed to obtain the detection efficiency, in figure
8.10, with a value close to 50% for neutron energies up to 1 MeV. It is important to
note that the central part (10 cm length) of the matrix has a central hole diameter larger
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Units in mm Central hole
Rings
Inner Outer
Diameter 110-130 190 290
Holes diameter – 27.5 27.5
Number of 3He counters at 20 atm – 8 12
Table 8.4: Configuration details of the updated BELEN-20 prototype.
(130 cm) than the rest of the matrix. The MC simulations determined that a higher
detection efficiency was obtained using that setup [9][Logbook of the experiment].
Figure 8.10: MCNPX efficiency for the updated BELEN-20 prototype [9].
8.2.3 BELEN-30 at GSI (2011)
In August 2011 a new BELEN prototype was validated in the GSI laboratory [10]. The
new prototype, called BELEN-30, consists of 30 3He counters distributed in two rings.
The inner ring, with a radius of 29 cm, consists of 10 counters of 10 atm. The outer
ring is formed by 20 counters of 20 atm at 37 cm (details in table 8.5 and figure 8.11).
The dimensions of the polyethylene matrix are 90 x 90 x 60 cm3 with additional 20 cm
shielding against room background and thus a total weight of 600 kg. An additional
polyethylene wall with another 30 cm shielding was installed before the setup (collimator)
in order to reduce the in-beam neutrons produced by the facility.
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Units in mm Central hole
Rings
Inner Outer
Diameter 220 290 370
Holes diameter – 27.5 27.5
Number of 3He counters at 10 atm – 10 0
Number of 3He counters at 20 atm – 0 20
Table 8.5: Configuration details of the BELEN-30 prototype.
Figure 8.11: Design for BELEN-30 prototype.
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The BELEN-30 prototype is used in conjunction with the Silicon Implantation Beta
Absorber (SIMBA) detector. The SIMBA detector is a multilayer silicon detector used
as implantation detector to detect implants and beta decays in this setup. The SIMBA
version used in this experiment is an updated version adapted to BELEN from the one
used in previous measurements [11]. A detailed view of the SIMBA detector placed inside
BELEN is shown in figure 8.12.
Figure 8.12: Closer view of the central hole where the SIMBA detector was placed.
The experiment was carried out at the RIB facility of GSI. Using te linear accelerator
UNI-LAC coupled to the SIS-18 synchrotron it was possible to produce a 238U beam with
an energy of 1 GeV per nucleon. This beam impinged onto a beryllium production target.
Nuclei of interest were selected using the FRagment Separator FRS via the Bρ - ∆E - Bρ
method.
According to MCNPX simulations, this BELEN prototype shows an aproximately con-
stant efficiency of 40% from thermal up to 1 MeV (figure 8.13).
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Figure 8.13: MCNPX efficiency for the BELEN-30 prototype [10][A. Riego, Priv. Comm.].
8.2.4 Summary of previous prototypes
The next table (8.6) details the three BELEN versions used in past validations between
2009 and 2011 in JYFL and GSI.





BELEN-20 20 20 JYFL-2009 27% 5.5
BELEN-20 20 20 JYFL-2010 35% 5.5
BELEN-30 20+10 20 & 10 GSI-2011 35% 11.5 (SIMBA)
Table 8.6: Main features of previous validations.
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9 Technical specifications and design details
9.1 Electronics and Triggerless Data Acquisition System
The electronic scheme for BELEN-48 is presented in figure 9.1. Each proportional counter
is connected to one of the inputs of a MPR16-HV Preamplifier (PA) from Mesytec (16
channels). Since the BELEN-48 detector includes 48 counters, three PA are required. Two
double output HV modules connected to the preamplifier power all the counters connected
to it. The differential outputs of the preamplifiers connect to a STM16+ Shaping Amplifier
(SA) from Mesytec (16 channels). A fixed low frequency (10 Hz) pulse generator connects
to the test input of the preamplifier to determine the measuring time (acquisition live
time). The output of the amplifier is sent to the digitizer of the data acquisition (DACQ)
system (ADC in figure 9.1). The preamplifier is designed to have minimal noise and the
output is provided on a differential line. However during the laboratory tests it was found
necessary to include additional shaping on the signal in order to reduce the noise to an
acceptable level (Gain & and Shape pulse characteristics in figure 9.1).
Figure 9.1: Electronic modules for BELEN-48.
Due to the moderation path of neutrons in polyethylene (section 5.3.3), the correlation
time between the neutron and the beta signal can be up to some microseconds. An opening
of a beta-gate signal of such length will introduce considerable dead time in the system. A
multihit TDC can be used to register the time of occurrence but then it will be impossible
to distinguish the double neutron emission cases.
In order to avoid all these problems and therefore to improve the efficiency of the
acquisition system, a self-triggered or triggerless DACQ system has been developed by
the group of IFIC specifically for the BELEN detector. ADCs from STRUCK SIS3302 are
used with a 10 ns resolution to implement the system. The main advantatge of this system
is that the oﬄine analysis can use all the information acquired without time depending
signals. The DACQ system includes the GasificTL software fully developed at IFIC.
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Every signal in an ADC channel above a given threshold provides a time mark (in
10 ns steps with a range of 48 bits) and starts the energy filter that provides the signal
amplitude. Module control and data transfer to a PC occurs via the Struck SIS1100/3100
PCI/VME interface. Each channel stores the time-amplitude data pairs into a 64 MB
memory. The memory space is divided into two data banks which are working in alter-
nating mode: while one data bank is filled with the incoming data, the other one is being
read-out through the VME bus. In this way a minimum system dead time is achieved.
The gasificTL DACQ software allows the configuration and control of the system and
performs the online analysis and visualization of the data to run the experiment. In this
way large time windows and several correlation modes can be defined in order to achieve
an optimal determination of the true coincidences.
A summary of the electronic components is shown in table 9.1.
Component Name Amount
Preamplifier Mesytec MPR-16 3
Amplifier Mesytec STM-16+ 3
Analog-to-digital converter Struck SIS3302 8
High voltage supplier NHQ203M 2
Table 9.1: BELEN-48 list of electronic components.
9.2 Detector construction
The BELEN-48 detector mainly consists of a block of polyethylene and 3He proportional
gas counters. Whilst the counters are going to be provided by UPC or GSI, the complete
polyethylene structure (matrix and shielding) will be probably constructed at GSI.
The polyethylene matrix is composed of 8 slices or blocks of 10 cm thickness that
are assembled together to conform the central block with dimensions 50 x 50 x 80 cm3.
Except the first block (A), that has only the beam hole, the next 6 blocks (B) are pierced
also with the holes for the counters. The rear block (block C), is pierced like a block B
but the counter holes are threaded to screw caps. The caps are used to fix the counters
inside the holes. The blocks are held together by two stainless steel bars. A technical
drawing of a block B is presented in figure 9.2. The dimensions of a screw cap are shown
in figure 9.3.
The shielding consists of different polyethylene blocks adding 20 cm more of polyethy-
lene thickness per side to the matrix. Hence, the total dimensions of the polyethy-
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Figure 9.2: Front view of a single block B.
Figure 9.3: 3D and side views of a screw cap.
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lene structure are 90 x 90 x 80 cm3.
A supporting structure for the polyethylene block is going to be designed and con-
structed at the workshop of the UPC. This sctucture will be adapted to the final design
of BELEN-48 , the facility and the implantation detector. However, below, a possible
structure is described. It consists of a mobile stainless steel table with a sliding tray to
place the detector on. This sliding tray can be moved through a stirring wheel connected
to a worm gear system that allows moving the detector precisely in order to center the
detector respectively to the beam implantation spot. A technical draw of the possible
support structure is presented in figure 9.4 with its main dimensions. Figure 9.5 shows a
3D CAD view of the complete setup (BELEN-48 detector and support structure).
Figure 9.4: Front and side views of the BELEN-48 support structure.
A mechanical test has been done at the UPC workshop to find the minimum distance
between the counter holes in order to prevent possible problems during the manufacturing
of the polyethylene . Although the drilling tool of GSI could be different to that of UPC,
a minimum thickness between counters of 3 mm has been set to avoid mechanical failures
of the polyethylene matrix. This aspect is considered as a constraint to be taken into
account to define the distribution of counters in the matrix.
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Figure 9.5: 3D view of the BELEN-48 detector placed on its supporting structure.
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9.3 Production, quality assurance and acceptance tests
The BELEN prototypes used at JYFL were constructed at UPC and thus the polyethy-
lene matrices were produced in the UPC workshop. The polyethylene slices were cropped
and adjusted to the exact dimensions using a CNC vertical mill machine. The same
machine was used to drill the holes in the matrix blocks. An horizontal lathe was used
to produce the screw caps (similar to figure 9.3). General tolerances for linear measures
according to DIN ISO 2768-m were applied during the manufacturing of the polyethylene .
During the polyethylene manufacturing process, a greater accuracy is required for the
piercing of the holes than the cutting operations due to the importance of the correct
placement of the counters inside the matrix.
Regarding the polyethylene composition, a narrow tolerance is accepted beyond the
features defined in table 7.2.
Finally, before the delivery of the BELEN detector to FAIR, all the system components
will be tested with respect to their specifications by the BELEN collaboration. Once
delivered, further tests will be conducted by the collaboration to verify safe delivery and
compatibility with other DESPEC detector systems and FAIR infrastructure.
9.4 Calibration with test beams
Calibration tests have to be done for each experimental campaign to assure the correct
operation of the detector before starting the measurements. Calibration of the BELEN-
48 detector can be performed with isotropic neutron sources such as 252Cf, Am-Be, etc.,
which produce neutrons in a continuous spectrum. However, it is preferably to use mo-
noenergetic neutrons from specific reactions such as the presented in table 9.2. In this
manner, the neutron detection can be validated in different parts of the range of energies
instead of in a single part (for the case of using neutron sources).
There are facilities, like PTB, that use the previous reactions to generate an isotropic
distribution of monoenergetic neutrons. Particles such as protons or alfas are accelerated
to reach the required energy (Eproj in table 9.2) to produce the reaction with the target.
The reaction among the particle and the target produces a neutron with a determined
averaged energy (<En> in table 9.2).
Another option for the calibration tests can be the use of the detector for measuring
the Pn of well-known isotopes at facilities like JYFL (Finland) or RIKEN (Japan).
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Reation Eproj [MeV] <En> [MeV] ∆En [MeV]
11B(α,n) 0.606 0.56 0.12
13C(α,n) 1.053 2.8 0.31
13C(α,n) 1.585 3.2 0.41
51V(p,n) 1.80 0.23 0.014
51V(p,n) 2.14 0.56 0.024
51V(p,n) 2.27 0.68 0.028
Table 9.2: Possible validation reactions. Laboratory frame projectile energy Eproj , average
neutron energy <En>, and width of the neutron energy distribution ∆En [12].
9.5 Civil engineering and cave
It is requested a suitable area of 5 x 5 m2 to place the detector, the support structure and
the electronics and data acquisition system. In addition there should be enough space to
be able to mount and demount the detector easily. Figure 9.6 shows approximately how
the BELEN-48 area would be.
Figure 9.6: Plan view of the BELEN-48 site.
The weight of the detector will be around 1 T. Therefore a suitable ground floor will be
required to bear this mass. The room temperature must not exceed the temperature limits
defined in the technical specifications of the 3He counters and the electronic components.
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Finally, other requirements for the infrastructure of the experimental area are:
• Electrical power for experimental equipment only with high quality ground reference
(single point grounding).
• A crane able to lift up and transport a 1 tonne mass.
• Dedicated Gbit network infrastructure for experimental data transfer and experi-
ment control.
9.6 Installation procedure and logistics
The BELEN-48 detector has been designed to be assembled around the beam line. The
main steps of the installation procedure are introduced below:
1. Center the support table under the output of the beam line and spread out the
securty belts.
2. Start placing the bottom shield blocks.
3. Place the matrix blocks and held them together with the two bars.
4. Place the side and top shield blocks.
5. Tighten the security belts to fix safely the shielding blocks around the matrix.
6. Accurately center the detector to the beam spot using the stirring wheel of the
supporting table.
7. Insert de counters to the polyethylene matrix holes. Tight the screw caps or the
subjection system.
8. Plug the SHV connector of each counter tube to the preamplifier input. Preampli-
fiers must be located close to the polyethylene matrix according to the length of the
HV cables.
9. Connect the rest of the electronic modules (HV sources and shapers) to the preami-
plifier according to the scheme presented in section 9.1.
10. Check the output signal of the shaper for each channel with an oscilloscope to verify
the expected signals and the threshold to be set in order to avoid the noise. A
neutron source can be used in this step.
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11. Plug in all the output connectors from the shaper to the ADCs.
12. Verify the proper acquisition in the read-out software.
The transportation of the BELEN-48 detector will be done by standard procedures
of partially highly fragile instruments from the various assembly and test laboratories.
The polyethylene components should be sent taking in care the heavy weight. The
3He counters must be sent with an approved package according to the dangerous goods
declaration requirements (defined in section 10) and properly tagged with the specified
label (figure 9.7a). The electronic components can be considered as fragile instruments
according to their technical specifications and thus they should be transported with a
fragile label (figure 9.7b).
(a) Label for 3He counters. (b) Label for electronic components.
Figure 9.7: Labels for the BELEN-48 transport.
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10 Radioprotection and environmental impact
The BELEN detector will be used in a place with low intensity primary and secondary
radioactive ion beams. However, due to its moderate intensity, no specifc radiation safety
actions are foreseen except for the implemented restricted access procedure for the site
during beam times.
The use of this detector involves several calibration neutron sources such as 252Cf, Am-
Be, or other neutrons emitters in order to verify that the detection system works properly
before the experiment itself. These sources, as neutron emitters, must be controlled by
the radioprotection service of the laboratory which will be responsible to provide the
dosimeters or the devices needed to control the dose received by the workers or other
technicians.
The BELEN detector is composed of high pressure (8-10 atm) 3He gas-filled stainless
steel tubes. 3He gas is classified as hazard type 2.2 (i.e. Non-flammable, non-poisonous
compressed gas) according to the United Nations Committee of Experts on the Transport
of Dangerous Goods. Hence, the 3He counters have to be declared as dangerous goods
UN 1046 when shipping (details on figure 10.1) and properly labelled as explained in
section 9.6.
Figure 10.1: Declaration of 3He counters as dangerous goods.
Besides the 3He counters, BELEN does not include any cryogenic cooling devices or
other mechanical hazards, the latter to the best of our knowledge. The high-voltage sup-
plies for the counters will be below 2 kV. Furthermore, the probability of the polyethy-
lene to undergo neutron activation (i.e. produce radioactive isotopes such as 14C) is
significantly low due to the low intensity of neutrons emitted.
Regarding the decommissioning of the detector, mainly all of the components can be
reused in new experiments. Due to the inert nature of the 3He gas, a leakage from a
counter has no impact to the environment. The electronic components will be reused in
other experiments and finally disposed properly according to the Waste Electrical and
Electronic Equipment Directive (European Community directive 2002/96/EC). It is not
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planned to dispose the polyethylene components since it is not a degradable material and
can be reused in other experiments. If needed, it can be recycled with an index 2 from
the resin identification coding system.
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11 Project costs
The section below shows the estimated costs of the development of the written project.
The information about the BELEN detector costs appears in the ANNEX B. The elabo-
ration costs of the project are divided in three groups: the staff costs, the R&D costs and
the material costs. Therefore, the following table shows an estimation of each cost and
the overall.
Type Concept Cost per unit Amount Cost [e]
Staff costs Junior engineer 30.00 e/h 320 h 9,600.00
Senior engineer 50.00 e/h 64 h 3,200.00
Project manager 60.00 e/h 32 h 1,920.00
Subtotal 14,720.00
R&D costs CAD software license 15,000.00 e/u 0.033 u 500.00
PC depreciation 450.00 e/u 0.066 u 29.70
Subtotal 529.70
Material costs Office goods 50.00
Photocopies 70.00
Electricity consumption 70.00
Internet connexion 15.00 e/month 4 month 60.00
Subtotal 250.00
Total 15,499.70
Table 11.1: Summary of project costs.
The junior engineer works during 4 months in a 20-hours-per-week contract. The
senior engineer, in charge of the junior training and the simulation and code learning,
employs the 20% of the junior time. The project manager, supervising the junior tasks
and inspecting the TDR, needs the 10% of the junior time. The depreciation of the CAD
license has a length of 10 years. Besides, the PC depreciation lasts 5 years. All the other
costs are estimated. Thus, the total cost of the project reaches the value of 15,499.70 e.
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12 Time schedule table and milestones
2008 2009 2010 2011 2012 2013 2014 2015 2016
Design of a prototype with 20 counters at 20 atm (BELEN-20)
Construction of BELEN-20 polyethylene matrix at UPC
Construction of a supporting structure for BELEN-20 at UPC
Test of DAQ for BELEN-20
Test experiment at UPC with BELEN-20
Test experiment at IGISOL (Univ. Jyväskylä) with BELEN-20
Data analysis of test experiment at IGISOL with BELEN-20
Design of a new prototype (BELEN-20) with higher efficiency
Construction of a new BELEN-20 polyethylene matrix at UPC
Experiment at IGISOL (Univ. Jyväskylä) with BELEN-20
Data analysis of experiment at IGISOL with BELEN-20
Design of a new prototype (BELEN-30) with higher efficiency
Testing of DAQ for BELEN-30
Construction of a new BELEN-30 polyethylene matrix al GSI
Test of BELEN-30 with a neutron source at GSI
Change 21 He-3 counters at 20 atm to 42 counters at 8 atm
Design of a new prototype (BELEN-48) with higher efficiency
Test of DAQ for BELEN-48 prototype
Calibration of BELEN-48 prototype at PTB
Experiment at IGISOL (Univ. Jyväskylä) with BELEN-48 prototype
Data analysis of experiment at IGISOL with BELEN-48 prototype
Design of BELEN-48 detector for HISPEC/DESPEC adapted to AIDA
Design and construction of a supporting structure for BELEN-48
Test of DAQ for BELEN-48
Construction of BELEN-48 matrix
Calibration of BELEN-48 with a neutron source (meas. and data analysis)
Commissioning
Ready for DESPEC experiments (Fully operational) =⇒
Elaboration of the TDR for the BELEN Detector 73
Conclusions
In this final degree project all the required documentation for the technical design report
(TDR) of a neutron detector has been developed. The detector has been designed to
achieve a 4pi coverage, high detection efficiency and low dependency with neutron energies
below 5 MeV. It is composed by 48 3He gas counters (8 provided by GSI and 40 by UPC)
embedded in a polyethylene matrix of dimensions 90 x 90 x 80 cm3.
Monte Carlo simulations using Geant4 have been performed to find the optimal gas
pressure (8 to 10 bar) and counter length (500-600 mm). The detector design, previously
chosen through MCNPX simulations, has been also reproduced in Geant4 to obtain
more accurated results. Significant differences in the detection efficiency have been found
and consequently there is still more research needed to develop a proper Geant4 code.
The summary results of the MCNPX simulations show an average detection efficiency
around 45% and a relation between maximum and minimum (efficiency planarity) about
107%.
Previous validation tests were done using detector prototypes in order to check the ap-
propiate behaviour of counters and electronics. Although some of the tests performed are
still under analysis, first evaluations showed up a good agreement between experimental
results and MCNPX simulation results.
The technical solutions adopted for the detector have been widely explained. A trig-
gerless data acquisition system has been developed by IFIC to avoid the loss of information
due to the long neutron moderation time. The polyethylene matrix is assembled by 10 cm
length blocks helded together with two stainless steel bars and surrounded by polyethy-
lene shielding blocks to ward off the background neutrons. A mobile supporting structure
has been designed to guarantee a correct placement into the beam line. More specific in-
formation related with the production, calibration tests, site requirements or installation
procedure is exposed.
Within the environmental issues, only the 3He counters are declared as a dangerous
good (UN 1046) due to the high pressure of the filling gas. Furthermore, the vast majority
of detector components can be reused or recycled following the convenient directives.
The estimated cost of the elaboration of the TDR is around 15,499.70 e. The cost of
the components and the construction of the detector increases up to 417,332.96 e, includ-
ing the gas counters, the electronic modules, the polyethylene blocks and the supporting
structure, gathered together with the workshop tasks and the transport expenses.
Finally, the TDR resulting from this final degree project is expected to be aproved by
a group of experts in order to be accepted as a permanent detector at FAIR.
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A. TDR structure for BELEN detector
At the beginning of this report it has been said that the structure followed was a mixture
between the TDR format and the typical ETSEIB final degree project. Hence, it is
interesting to know which will be the structure and main sections of the future TDR and
which is the relation between both reports. Herebelow the table of contents of the TDR
document is shown.
1. Introduction and overview
2. Physics requirements for the system
3. Summary of Monte Carlo simulations
3.1. Layout of the neutron detector
3.2. Neutron moderation in polyethylene
3.3. 3He pressure analysis
3.4. Counter length analysis
4. Previous tests and prototypes
4.1. Preliminary tests with a 252Cf source
4.1.1. First preliminary test
4.1.2. Full detector prototype test
4.2. Previous prototypes
4.2.1. BELEN-20 at IGISOL Trap in JYFL (2009)
4.2.2. BELEN-20 updated at IGISOL Trap in JYFL (2010)
4.2.3. BELEN-30 at GSI (2011)
4.2.4. Summary of previous prototype results
4.3. Summary of detector prototype results: BELEN-48
5. Technical specifications and design details
5.1. Electronics and Triggerless Data Acquisition System
5.2. Construction of detector
5.3. Background and shielding
6. Radiation environment, safety issue
7. Production, quality assurance and acceptance tests
8. Calibration with test beams
9. Civil engineering, cave
10. Installation procedure, logistics
11. Time schedule table and milestones
12. Annex A. Budget and funding
13. Annex B. Components documentary
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The next table establishes the relations between the contents of this report and the
contents of the future TDR. Some of them will be identical to the sections written in
this report while some others will use only some information or results (marked with an
asterisk).
Current report section Future TDR place
1. Foreword Not included
2. Introduction Not included
3. Scientific background 1. Introduction and overview
4. Physics requirements for the system 2. Physics requirements for the system
5.1 Description of simulation codes Not included
5.2 Neutron cross section evaluation Not included
5.3 Neutron moderation evaluation 3.2. Neutron moderation in polyethylene *
6.1.1 3He gas pressure 3.3. 3He pressure analysis *
6.1.2 Length of counters 3.4. Counter length analysis *
6.2 Distribution of counters Not included
6.3 Background shielding Not included
7.1 Introduction 4.3. Summary of detector prototype re-
sults: BELEN-48 *
7.2 Detector components description 4.3. Summary of detector prototype re-
sults: BELEN-48 *
7.3 Description of modelisation method to
analyze simulations
Not included
7.4 MC simulation results for detector con-
figurations
4.3. Summary of detector prototype re-
sults: BELEN-48 *
7.5 Background analysis 5.3. Background and shielding
8 Previous tests and prototypes 4. Previous tests and prototypes
8.1 Preliminary tests with a 252Cf source 4.1. Preliminary tests with a 252Cf source
8.2 Previous prototypes 4.2. Previous prototypes
9.1 Electronics and Triggerless Data Acqui-
sition System
5.1. Electronics and Triggerless Data Ac-
quisition System
9.2 Detector construction 5.2. Construction of detector
9.3 Production, quality assurance and ac-
ceptance tests
7. Production, quality assurance and ac-
ceptance tests
9.4 Calibration with test beams 8. Calibration with test beams
9.5 Civil engineering, cave 9. Civil engineering, cave
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Current report section Future TDR place
9.6 Installation procedure, logistics 10. Installation procedure, logistics
10 Radioprotection and environmental im-
pact
6. Radiation environment, safety issue
11 Project costs Not included




Annex A. Technical Design Report struc-
ture for BELEN detector
Not included
Annex B. BELEN detector costs Annex A. Budget and funding *
The TDR section "3.1 Layout of the neutron detector" and the annex "Components
documentary" have not been included in the current report due to being still under dis-
cussion.
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B. BELEN detector costs
The summary of the costs of the BELEN detector is shown in the table below. It is
divided in three parts. The counters (whose cost reaches a value around 250.000 e),
the electronic modules and other components (such as the polyethylene matrix or the
supporting table) and finally the transport expenses and workshop activites (like the
machining of the polyethylene matrix or the development of the DACQ software).
Item Amount Cost [e]
TOTAL 417,332.96
Counters
He-3 counters at 8 atm (UPC) 42 121,800.00
He-3 counters at 20 atm (UPC) 22 32,027.56
He-3 counters at 10 atm (GSI) 10 100,000.00
Electronics & Other components
Crate WIENER (VME) 1 6,915.49
Crate NIM 1 4,132.96
ADC 8ch 5 27,500.00
Shapers 3 12,585.00
Preamplifiers 3 12,285.00
Pulse Generator 1 4,746.73
Clock 1 2,750.00
Interface connector 1 4,000.00
HV source (2ch) 2 9,004.00
Data acquisition card 1 5,500.00
ATA case (to transport He-3 counters) 3 1,071.00
ATA case (to transport DAQ) 1 491.00
Plates of Polyethylene (100x100 cm2 x 10 cm) 10 3,526.94
Computer 1 1,388.28
Supporting table for BELEN detector 1 7,120.00
Connectors + cables+plugs 1 5,100.00
Neutron source (9.9 kBq Cf-252) 1 1,489.00
Transport and workshop activities
Machining of polyetylene matrix 1 2,000.00
Transport of He-3 neutron counters from UPC to GSI 1 700.00
Transport of electronics and table from UPC to GSI 1 500.00
Transport of PE matrix from UPC to GSI 1 700.00
Development of software for DAQ system (IFIC) 1 50,000.00
